Silica gel films were prepared on Si(100) substrates from Si(OC 2 H 5 ) 4 -and Si(OCH 3 ) 4 -derived sols by dip-coating, and the gel films were heat-treated at 100700°C. The durability of the films against water was evaluated by measuring the thickness before and after soaking them in 80°C water for 24 h. The durability increased with increasing heat-treatment temperature principally due to the progress of film densification. Higher amounts of water for hydrolyzing Si(OC 2 H 5 ) 4 were greatly effective in achieving higher durability at lower heat-treatment temperatures. Longer sol aging was also effective in improving the durability of the Si(OC 2 H 5 ) 4 -derived films. Si(OCH 3 ) 4 -derived films exhibited much higher durability than Si(OC 2 H 5 ) 4 -derived ones. All of these factors, i.e. the larger amounts of water for hydrolysis, the longer sol aging time and the employment of Si(OCH 3 ) 4 , may provide more dense film structure and more chance to undergo condensation during gel film heat-treatment, leading to the higher durability at lower heat-treatment temperatures.
Introduction
Alkoxide-derived solgel silica thin films have a variety of applications as the coatings for protecting metallic materials against oxidation and corrosion 1),2) as well as for protecting ancient glass, 3) the wear-or scratch-resistant coatings, 4),5) the coatings for reducing the surface roughness of materials, 6 ) the underlayers for water-repellent window coatings, 7) , 8) the low dielectric constant thin films, 9) the low refractive index layers for reflective coatings, 10 ),11) the anti-reflective coatings, 5),12)14) and the membranes for gas separation. 15 ),16) They also have potentials as the matrix for dyes, proteins or enzymes, polyelectrolytes, metal particles, and metal oxide particles, and such composites serve as color filters or colored coatings, 17) ,18) photochromic devices, 17) catalysts or photocatalysts, 19) , 20) sensors for gas and for chemical or biochemical species in aqueous solutions, 19 ) ,21)23) ion-selective electrodes 24) and so on. In the solgel processing, alkoxide-derived silica gel films are converted into silica glass films via heat-treatment. Many events take place during heat-treatment; the residual solvent evaporates, the condensation reaction proceeds between silanol groups, and the unhydrolyzed alkoxyl groups are decomposed, all of which lead to pore shrinkage and film densification. Transformation of four-membered siloxane rings to six-membered ones also occurs during heat-treatment, the latter of which are the main constituent of silica glass. 25) The mechanical and chemical durability improves during such gel-to-glass conversion, which proceeds via heat-treatment. However, practically the heat-treatment temperature is limited by the thermal resistance of the substrates to be coated. And when the silica films are used as the matrix for dopants, the thermal resistant of the dopants also limits the heat-treatment temperature. These indicate that the solgel-derived silica thin films cannot be always mechanically and chemically durable, which basically depends on their heat-treatment temperature.
The chemical durability is practically important from the viewpoint of their use as applied materials; in some cases silica thin films are even subjected in aqueous solutions as sensors in their use. 19 ),21)24) However, surprisingly there has been no report so far on how the processing parameters including heat-treatment temperature affect the chemical durability of alkoxide-derived solgel silica thin films. Recognizing the importance to systematically investigate the chemical durability of solgel silica thin films, we started our study on their durability in water and on the effects of the fundamental processing parameters. The fundamental processing parameters include the kinds of alkoxides, the amount of water for hydrolyzing alkoxides, and the sol aging time, all of which are the issues for selection encountered in solgel silica thin film deposition. Fortunately there have been abundant of studies on how such processing parameters could affect the basic aspects of structure and properties of solgelderived silica, which made us optimistic in interpreting their effects on the chemical durability. , where the coating dimension was fixed to be 20 © 30 mm 2 . A part of the gel films were scraped off using a surgical knife in order to make a level difference in the film samples for the thickness measurement. The gel films were put in an electric furnace of 100700°C, kept there for 10 min, and cooled down to room temperature by taking them out of the furnace.
Experimental
The heat-treated samples thus obtained were soaked in 70 mL water of 80°C for 24 h. The film thickness was measured before and after soaking by measuring the level difference by a contact probe surface profilometer (SE-3400, Kosaka Laboratory, Osaka, Japan).
The durability of the films in water was evaluated by the thickness reduction occurring during soaking. The reduction in thickness may represent the degree of the film dissolution. However, it should be noted that the thickness of the as-heated films (the thickness measured before soaking) decreases with increasing heat-treatment temperature due to the densification as schematically illustrated in Fig. 1 . For example, even when the films heated at 200 and 500°C have the same reduction in thickness by soaking, the latter should have a larger amount of silica that is lost during soaking because the latter sample has been more densified during heat treatment. In order to compare the durability between films heated at different temperatures, we employed normalized thickness reduction that was defined as follows ( Fig. 1) . The normalized thickness reduction ¦t N for a film fired at T (°C) was calculated by:
where t 700 and t T are the thickness measured before soaking for the films fired at 700°C and T (°C), respectively, and ¦t T the thickness reduction during soaking. This calculation assumes that the films fired at 700°C are almost dense although this is not very exact. The concentration of silicon was measured for the water used for soaking by an inductively coupled plasma (ICP) analyzer (ICPS-8100, Shimadzu, Kyoto, Japan).
Results
Figures 2(a)2(c) show the thickness plotted against heattreatment temperature for the TEOS-derived films measured before and after soaking in water. The starting solutions had H 2 O/TEOS mole ratios of 2, 4 and 10, and were aged at 40°C for 24 h before dip-coating. The thickness measured before soaking gradually decreased with increasing heat-treatment temperature, which resulted from the densification of the films. The thickness measured after soaking, i.e. the thickness of the films remaining undissolved, on the other hand, was undetectable for the samples heat-treated at lower temperatures, indicating that the films were totally dissolved during soaking. The thickness measured after soaking increased with increasing heat-treatment temperature, suggesting a decrease in the extent of dissolution. Finally it coincided with the thickness measured before soaking, indicating the absence of dissolution. It should be noted that the thickness measured after soaking started to increase at lower heat-treatment temperatures for the samples prepared from the solutions of higher H 2 O/TEOS ratios; in other words, the samples prepared at higher H 2 O/TEOS ratios showed higher durability against dissolution at lower heat-treatment temperatures. It should also be noted that the absence of the dissolution was found at lower heat-treatment temperatures for the samples prepared at higher H 2 O/TEOS ratios, suggesting the achievement of durable films at lower heat-treatment temperatures.
The higher durability of the samples prepared at higher H 2 O/ TEOS ratios is more clearly seen in Fig. 2(d) , where the normalized thickness reduction is plotted as a function of heattreatment temperature. It is seen that the normalized thickness reduction decreases with increasing heat-treatment temperature, but it decreases more significantly for the samples prepared at higher H 2 O/TEOS ratios.
Figure 3(a) shows the concentration of silicon in water measured by ICP after soaking, which is plotted versus film heat-treatment temperature. The soaked samples were those prepared from the TEOS solutions of H 2 O/TEOS = 2, 4 and 10 that were aged for 24 h. Although there is some irregularity in data, general trends are similar to the normalized thickness reduction shown in Fig. 2(d) ; the silicon concentration decreased with increasing heat-treatment temperature, and the reduction was more significant for the samples prepared at higher H 2 O/ TEOS ratios. The concentration of silicon in water was also calculated from the thickness reduction, which is shown in Fig. 3(b) . The concentration c Si (ppm) was calculated from the normalized thickness reduction, ¦t N (¯m), by the following equation; JCS-Japan coating films had two faces. Equation (2) again assumes that the films fired at 700°C are identical to silica glass, which is, of course, not very exact. However, as seen in Figs. 3(a) and 3(b) , the calculated silicon concentrations showed fairly good agreements with the measured ones although the measured concentrations did not go down to 0 ppm even for the samples fired at high temperatures. Figure 4 (a) shows the thickness of the TEOS-derived films prepared from solutions of H 2 O/TEOS = 4 that were aged at 40°C for 24 and 92 h before dip-coating, measured before and after the soaking. The thickness measured before soaking was slightly larger for the films prepared from the sol aged for 92 h than those for 24 h, which may result from the higher viscosity due to the higher degree of polycondensation reaction. The onset of the increase in the thickness measured after soaking as well as the coincide between those before and after soaking was found at lower heat-treatment temperatures for the samples from the sols aged for 92 h. The normalized thickness reduction is shown in Fig. 4(b) , where the higher durability is again confirmed for the samples from the solutions aged for 92 h. Figure 5(a) shows the thickness of the TEOS-and TMOSderived films measured before and after the soaking. Both samples were prepared from the solutions of H 2 O/alkoxide = 4 that were aged at 40°C for 24 h before dip-coating. The reduction in thickness became small at heat-treatment temperatures as low as 100°C for the TMOS-derived films, showing much higher durability at low heat-treatment temperatures. The higher durability of the TMOS-derived films is seen again in Fig. 5(b) , where the normalized thickness reduction is plotted versus heattreatment temperature.
Discussion
The reduction in thickness that takes place during soaking may result from the dissolution of the films in water. The unhydrolyzed alkoxyl groups in films could undergo hydrolysis and condensation reaction during soaking, leading to film densification, which could also be detected as the reduction in film thickness. However, the analysis on the amount of silicon dissolved in water (Fig. 3) agreed well with the results in the reduction in thickness (Fig. 2(d) ), which strongly suggests that the dissolution of the films is the main cause of the reduction in thickness during soaking. In addition, the concentration of silicon in water calculated from the thickness reduction ( Fig. 3(b) ) showed fairly good agreement with that measured by ICP ( Fig. 3(a) ). Therefore, it is reasonable to evaluate the durability of the films in water by the degree of thickness reduction. The reduction in thickness during soaking decreased, i.e. the durability of the films in water increased, with increasing heattreatment temperature. The dissolution of the films may occur via hydrolysis of siloxane bonds. When the siloxane polymers that build up the films have lower degrees of cross-linking, silicate monomers (Si(OH) 4 molecules) or oligomers may be released from the polymers more easily via hydrolysis of siloxane bonds. Higher porosities and larger pores may also be harmful for durability because water molecules have more chance to infiltrate the films. Condensation reaction proceeds between silanol groups in films during heat-treatment, which results in densification of films. The progress of densification and the reduction in porosity by heat-treatment made the films more durable in water.
Higher durability was found in the TEOS-derived films prepared from the solutions of higher H 2 O/TEOS ratios (Fig. 2) . Or more in detail the higher durability was achieved at lower heat-treatment temperatures for the films prepared at higher H 2 O/TEOS ratios. The higher H 2 O/TEOS ratios give rise to higher degrees of condensation, generating siloxane polymers with larger degrees of cross-linking. This provides gel films consisting of more highly developed three-dimensional siloxane network, 26) leading to the higher durability of the films in water. The higher H 2 O/TEOS ratios also provide larger amounts of silanol groups with less amounts of unhydrolyzed ethoxyl groups in gel films, which may allow more efficient progress of condensation during heating, leading to more dense films at lower heat-treatment temperatures. Both of these could end up with the higher durability of the films in water at lower heattreatment temperatures. The longer sol aging resulted in higher durability of the films at lower heat-treatment temperatures (Fig. 4) . The hydrolysis and condensation proceed in solutions during aging, leading to the formation of siloxane polymers with more highly developed three-dimensional backbone. 26) This may give rise to gel films consisting of siloxane polymers with larger degrees of crosslinking as well as with smaller amounts of unhydrolyzed ethoxyl groups. Such siloxane polymers as film constituents may result in higher durability at lower heat-treatment temperatures.
The TMOS-derived films showed higher durability that was achieved at lower heat-treatment temperatures than the TEOSderived ones (Fig. 5) . It is well known that the hydrolysis and condensation rates are much higher for TMOS than TEOS. 26) This may provide gel films consisting of siloxane polymers with larger degrees of cross-linking with less numbers of unhydrolyzed alkoxyl groups, allowing the higher durability at lower heat-treatment temperatures. In addition the smaller size of methoxyl groups than ethoxyl groups could form the siloxane networks with smaller free volumes, i.e. the films with more dense structure, which may result in the higher durability of the films in water. The smaller size of methoxyl groups could also leave pores smaller in size in gel films, which may hinder water molecules entering the pores, contributing to the lower rate of dissolution of the films.
In summarizing and from the technological point of view, the employment of alkoxides with smaller alkoxyl groups, the larger amounts of water for hydrolyzing alkoxides, and the longer sol aging are advantageous for achieving more durable sol gel-derived silica thin films at lower heat-treatment temperatures.
Conclusions
The durability of alkoxide-derived silica thin films in 80°C water was evaluated as a function of the temperature for gel film heat-treatment. The durability increased with increasing heattreatment temperature due to the progress of film densification. Larger amounts of water for hydrolyzing alkoxides were greatly effective in achieving higher durability at lower heat-treatment temperatures. Longer sol aging was also effective in increasing the durability. TMOS-derived films exhibited much higher durability than TEOS-derived ones at lower heat-treatment temperatures. All of these factors, i.e. the employment of TMOS, the larger amounts of water for hydrolysis, and the longer sol aging time, may provide more dense film structure and more chance to undergo condensation during gel film heattreatment, leading to the higher durability at lower heat-treatment temperatures. 
